Effect of tillage and crop residue management on soil properties, crop performance, energy relations and economics in greengram (Vigna radiata L.) was evaluated under four maize-based cropping systems in an Inceptisol of Delhi, India. Soil bulk density, hydraulic conductivity and aggregation at 0-15 cm layer were significantly affected both by tillage and cropping systems, while zero tillage significantly increased the soil organic carbon content. Yields of greengram were significantly higher in maizechickpea and maize-mustard systems, more so with residue addition. When no residue was added, conventional tillage required 20% higher energy inputs than the zero tillage, while the residue addition increased the energy output in both tillage practices. Maize-wheat-greengram cropping system involved the maximum energy requirement and the cost of production. However, the largest net return was obtained from the maize-chickpea-greengram system under the conventional tillage with residue incorporation. Although zero tillage resulted in better aggregation, C content and N availability in soil, and reduced the energy inputs, cultivation of summer greengram appeared to be profitable under conventional tillage system with residue incorporation.
Introduction
In the Indo-Gangetic plains (IGP) of India, fields remain fallow for 70-80 days during summer after the harvest of winter crops. Short-duration crops like summer greengram (Vigna radiata L.) can be grown during this period with assured irrigation. This practice has received wide acceptance among the farmers and has occupied an area of about 1.0 Mha as it provides additional income, improves soil fertility and ensures efficient land utilization (Sharma, Prasad, Singh & Singh, 2000; Sharma & Sharma, 2004) . Greengram, a native of the Indian subcontinent, is the third
Materials and methods
Field experiments involving maize (June-October) -mustard/chickpea/linseed/wheat (October-April) -greengram (April-June) were conducted during 2004-2007 on the research farm, Indian Agricultural Research Institute, New Delhi (28.41 N latitude and 77.181 E longitude; altitude of 228 mamsl). Four maize-based cropping systems (main plots) -maize-mustard-greengram (M-M-G), maize-chickpea-greengram (M-C-G), maize-linseed-greengram (M-L-G), and maize-wheat-greengram (M-W-G); and four tillage and residue management practices (subplots) -conventional tillage with residue removed (CT À R), conventional tillage with residue incorporation (CT þ R), zero tillage with residue removed (ZT À R) and zero tillage with residue addition as mulch (ZT þ R) were applied in split-plot design with 3 replications. Data were collected during the 4th and the last greengram crop (April-June, 2007) . The soil (0-15 cm) at the experimental site was sandy loam (63, 12 and 25% sand, silt and clay respectively), pH 7.9, Walkley-Black organic C 3.2 g kg À 1 , and total N 0.038%; available P and K 9.11 and 258 kg ha À 1 respectively. Soil bulk density was 1.58 (0-15 cm) and 1.61 (15-30 cm) Mg m À 3 ; and available water capacity (0-100 cm) was 9.8 cm.
The climate is semi-arid and sub-tropical, with extreme hot summers and cool winters. During the period of study, the total rainfall was 124.2 mm, of which 0.0, 40.4 and 83.8 mm was received during April, May and June, respectively. The daily evaporation (USWB class 'A' open evaporimeter) ranged from 6.2 to 11.9, 8.0 to 12.4 and 
to 15.8 mm d
À 1 during these three months, respectively. Mean monthly maximum temperature in June was 46.0 1C; relative humidity ranged from 35.0% to 96% during the cropping season. The mean maximum and minimum temperature and rainfall received during crop period are shown in Fig. 1 .
The schedule of field operations is summarized in Table 1 . In conventional tillage, after the harvest of preceding crop, plots were ploughed with a disc harrow twice and cultivator twice followed by planking in preparation for sowing the next crop. In zero tillage and conventional tillage plots, summer greengram was sown with a specially designed zero-till seed-cum-fertilizer-planter without any prior tillage operation. The zero-till planter enabled sowing the crop even with crop residues of 5-10 t ha À 1 on the surface. Greengram var. "Pusa Vishal" was sown at 20 kg ha À 1 on April 16, 2007 by the zero-till planter at a depth of 4-5 cm and 30 cm row-to-row spacing with 10 rows per plot. A thinning operation was made at 10 days after sowing to maintain plant to plant distance of 5 cm. In maize crop-residue of greengram was applied at 2.5 t ha À 1 during the rainy season, while in the rotation involving mustard, linseed, chickpea and wheat, residue of maize was applied at 3.0 t ha À 1 . In greengram, the crop residues of mustard, linseed and chickpea were applied at 2.5 t ha À 1 , while wheat residue was applied at 3 t ha À 1 in respective plots. Fertilizer rates of 20 kg N and 40 kg P 2 O 5 ha À 1 were applied to greengram using urea and single super phosphate at the time of sowing. The recommended dose of fertilizer for linseed, chickpea, mustard and wheat crop was 60:30:30, 20:60:40, 80:40:40 and 120:60: 40 kg N, P 2 O 5 , K 2 O ha À 1 , respectively. Similarly, the maize crop was uniformly fertilized with 120:60:40 kg N, P 2 O 5 , K 2 O ha À 1 during the rainy season. The field was kept weed-free through hoeing at 20 and 35 days after sowing. All plant-protection measures were taken to maintain the crop healthy and disease-free.
Soil bulk density (ρ b ) was measured by using a core sampler. Three cores were collected from each plot, and ρ b was determined (Mishra & Ahmad, 1987) . The saturated hydraulic conductivity (K s ) at harvest was determined by the constant head method with a permeameter (Mishra & Ahmad, 1987) . Aggregate stability was measured using a wet sieving technique (Haynes, 1993) and expressed as the mean weight diameter (MWD, mm) of wet-sieved aggregates. Briefly, 50 g air-dried 2-6 mm soil aggregates were transferred to the top of a set of sieves having 4, 2, 1.0, 0.5 0.25 and 0.1 mm openings, and were mechanically moved up and down at 25 cycles min À 1 for 15 min. Soil organic C (Oxidizable; SOC) was estimated by the Walkley and Black (1934) method. Soil available and total N were determined using the procedures as given in Prasad, Shivay, Kumar and Sharma (2006) . 8, 6.0, 1.6, 10.6, 14.8, 0.4, 3.6, 2.6, 26.0, 5.2, and 24.2 mm at 17, 21, 26, 31, 40, 41, 43, 61, 62, 63 and 71 DAS, respectively. Fresh green leaves were separated from the stem, cleaned, and leaf area was measured using a leaf area meter (Model LICOR 3000, USA). Leaf area index was calculated as the ratio of leaf area to the average ground area occupied. Observations were recorded on root length, dry weight and volume at 40 DAS using standard procedures (Mishra & Ahmad, 1987) . Blocks of soil up to 30 cm depth with plant roots were taken out from five random places. Roots were washed, detached from the main stem at the first node, and length (cm) was measured from crown part to root tip. Root volume was measured following the water displacement method. Ten representative roots were taken and dipped in a measuring cylinder filled with water. The quantity of water displaced was taken as root volume (cm 3 ). Roots were dried at 70 1C and dry weight (g) was calculated.
The number of pods was counted at harvesting and average value was expressed as pods plant À 1 . Twenty pods were selected and the number of seeds was recorded and expressed seeds pod À 1 . One thousand seeds were counted by a seed counter, weighed and expressed as 1000-seed weight. Bundle weight of the finally harvested plants was taken after sun-drying but before threshing. Stover yield was calculated after subtracting the seed yield, and expressed in kg ha
. The weight of fallen leaves was not accounted for in the total biomass production. Representative seed samples were taken from each plot, oven-dried and ground in a mini-grinder. Similarly, the stover samples were ground into finer pieces. Nitrogen concentration was estimated by the modified Kjeldahl method. The uptake of N by seed and stover at maturity was computed by multiplying the biomass with the respective N concentration.
The energy requirement for cultivation was estimated in terms of renewable and non-renewable energy. Renewable energy components were manual, animal/bullock drafts, seeds, and manure, while chemical fertilizers (NPK), tractor, diesel, electricity, lubricants, machinery, and agro-chemicals constituted the non-renewable energy inputs. The physical output was related to both grain and straw yields. The energy values for inputs (e.g. seeds, fertilizer and labor ) and outputs (grain and stover) were estimated using energy equivalents as recommended by Singh, Pal, Thakur and Verma (1997) and Mittal and Dhawan (1998) . The details on energy equivalents are given in the Table 2 . The following energy parameters were calculated as suggested by Singh et al. (1997) . (1 The gross and net returns and benefit:cost ratio (gross returns per rupee invested) was calculated on the basis of existing rate of inputs and output. Total variable cost included the cost of inputs such as seeds, fertilizers, irrigation and cultural operations like ploughing, sowing, weeding, harvesting and threshing, and so on.
(1) Gross returns ¼ Price of greengram seed þ price of greengram stover; (2) Net returns ¼ Gross returns À total variable costs; (3) Benefit:cost ratio¼ Gross returns/total variable cost.
The data were analyzed through standard analysis of variance (ANOVA) for split-plot design using MSTAT-C software. Results are presented at 5% level of significance (P ¼ 0.05). Table 3 Soil properties as influenced by cropping system and tillage and residue management practice.
Treatment
Depth (cm) 
Results and discussion
The short-term (3 years) changes may not actually stay over a long-period, but could be indicator of the direction of changes. Cropping systems and tillage had significant impact on soil bulk density at 0-15 cm only (Table 3) . It was lower in M-M-G and M-C-G, and with the residue addition under zero tillage. This is similar to results from Mondal et al. (2013) where residue addition resulted in lowering the bulk density under similar type of soils. The saturated hydraulic conductivity was marginally higher in M-C-G in the 0-15 cm layer, but residue addition increased the conductivity under both conventional and zero tillage systems. Soil aggregation (0-15 cm) was not affected by cropping systems, but it was affected by tillage. The ZT þ R and ZT À R had 12 and 33% larger MWD than CT þ R and CT À R, respectively indicating tillage effect dominating over the residue addition.
Cropping systems influenced the soil organic C changes in the 0-15 cm layer. The M-C-G resulted in 19, 21 and 22% higher C than M-M-G, M-W-G and M-L-G systems, respectively. As a legume crop, chickpea was more efficient in raising the level of soil C. The highest C content was recorded in ZT þ R, where residue addition had a clear advantage. Similarly, the tillage effect was significant at the 0-15 cm layer only, with highest increase in C under ZT þ R. The residue addition resulted in improvement of soil C content in the plough layer, resulting in lowering the bulk density or increasing the conductivity. Residue addition improved soil aggregation more in conventional than zero tillage (Mondal et al., 2013) . The organic C content increased soil aggregation, as has been reported extensively in Indian soils (Bandyopadhyay, Misra, Ghosh & Hati, 2010; Kumari et al., 2011; Mondal et al., 2013; Das et al., 2014) . The effect of conservation tillage on enhancing SOC sequestration has been reported by several researchers (Lal, 1994; Potter, Jones, Tolbert & Onger, 1997; Lal, 1999; Post & Kwon, 2000) .
In this study, zero tillage resulted in a net increase of 16-27% in soil C content over conventional tillage. Ploughing disturbs the soil and promotes oxidation of organic C in soils. Studies reported 30-60% of C depletion due to cultivation in the subtropical regions of India (e.g. Swarup, Maana & Singh, 2000; Lal, 2004) . A net increase in SOC content was observed with crop residues under both zero and conventional tillage. This was obviously associated with a large amount of crop residues and root biomass C in residue-added plots, which significantly improved the yield of crops (Mandal et al., 2008) .
The dry weight and volume of greengram roots were significantly higher in M-W-G (Table 4) . Zero till resulted in better root biomass and volume, but it significantly reduced root length, possibly due to higher bulk density at 0- 15 cm layer, which prevented roots to extend down the profile. This also suggests that soil compaction results in less fine but more bulky roots, as evidenced by increased root weight and volume in zero tillage. Performance of greengram was better in rotation with maize-chickpea or maize-mustard combinations (Table 5) . Leaf area and dry matter were superior in M-C-G system. This could be due to improvement in soil fertility when chickpea was introduced in the nutrient exhaustive cereal systems, and the allelopathic effects in soil after cultivation of linseed. Dry matter accumulations were significantly lower in zero tillage, possibly because soils at plough layer depth become compact in the initial years of zero tillage, and this might have adverse effect on root and plant growth. Better crop growth and yield under conventional tillage as compared to zero tillage have been reported earlier (Sharma, De Datta & Redulla, 1999; Sangakkara, 2007) . Residue incorporation under conventional tillage was the most effective in improving seed yield of greengram, while removal of the same in zero tillage had adverse impacts. It is apparent that benefits of zero tillage are accrued only when residues are retained as mulch over the soil. Moreover, chickpea residues with low C:N ratio improved soil properties, resulting in higher yields. The effect of mustard was manifested through its deep root system and therefore, yields of summer greengram were better. The yield improvement in conventional over zero tillage was 25-35%, depending upon the residue addition. However, germination of greengram was not significantly influenced due to tillage practices.
While N concentration in grain was impacted by the cropping system, tillage had impact only on stover N concentration (Table 6 ). The N concentration in grains was higher in M-C-G, and the lowest in the M-W-G system. The concentration was maximum in CT þ R, and the lowest in the ZT À R treatment. Residue addition resulted in higher N concentration in stover and grains under both tillage practices.
The N-uptake by the crop followed a nearly similar pattern. The highest uptake of 35.91 kg ha À 1 in grain and 77.76 kg ha À 1 in stover were recorded in M-C-G. Although residue addition improved the N-uptake by the crop, tillage possibly helped in greater N-mineralization from the residues, resulting in higher grain and stover N in CT þ R. Residue additions also improved the total N, C and other nutrients content in soil, which resulted in higher N uptake. The cereal-cereal rotation depleted soil N.In cereal-legume rotation like M-C-G, the biological N-fixation probably enhanced the availability of N (Halvorson, Wienhold & Black, 2002) . Even in the sub-layer, the availability Table 6 Yield attributes and yields, N concentration and uptake in summer greengram under different cropping systems, and tillage and residue management practices. of N increased in M-C-G, in comparison to other cropping systems. Chickpea, being a deep-rooted (tap root) crop, possibly improved N availability even in the sub-surface layer. The net energy and the use efficiency (output-input ratio) were significantly higher in M-C-G (31,905 MJ ha À 1 ) than the other cropping systems (Table 7) . The lowest net energy was obtained in M-W-G, while the energy efficiency was the lowest in M-L-G cropping system. With no residues, net energy was higher in zero tillage (37, 466 MJ) , but with addition of residues, conventional tillage had higher net energy. However, the lowest energy efficiency was obtained where residue was retained in the soil, with marginally higher efficiency in CT þ R.
The energy productivity was significantly different among cropping systems, and strongly influenced by tillage practices. The highest energy productivity (0.319 kg MJ À 1 ) was obtained in the M-C-G cropping system, while the rest were statistically similar. The highest energy productivity was recorded when residue was removed (0.475 and 0.398 kg MJ À 1 )in ZT and CT, respectively, but it declined sharply when it was retained in the system. Energy intensity in economic terms (energy consumed per rupee of investment) was significantly higher in M-C-G (4.464 MJ Rs À 1 ), but was similar in physical terms (energy per unit of grain yield). In physical terms, CT þ R had significantly higher energy intensity, although in economic terms, it was similar among tillage and residue management practices.
Zero tillage offers farmers one of a great opportunity to reduce energy inputs in crop production. For example, tillage is eliminated in zero tillage, and energy conserved as a consequence (Behera & Sharma, 2011) , although some of the conserved energy is offset by the use of herbicides. In this study, conventional tillage plots were ploughed twice with a disc harrow followed twice by cultivator. In zero tillage, these practices were obviously avoided, which reduced the energy requirement by 19.5%. The energy requirement in M-W-G was 13.6% higher due to application of 0.5 t ha À 1 of additional wheat residues in this treatment. Difference in grain and stover yields contributed to the variation in energy output. It was 23.9% higher in the M-C-G compared to the M-L-G cropping system. The net energy and the energy productivity were also higher in M-C-G. The M-W-G involved the highest energy input and output, resulting in low energy efficiency and productivity, as also reported by Mandal, Saha, Ghosh, Hati and Bandyopadhyay (2002) . The energy output was highest with residue addition in both tillage systems, but the effect was higher under conventional tillage. The net energy, yield, and energy efficiency were lower where residues were applied. Since crop residues also have energy values, their addition in large quantities makes the system energy-inefficient. The energy productivity also followed a similar pattern. Energy consumed per rupee of investment was also highest in M-C-G and lowest in M-W-G, although the energy intensity values in this study is higher compared to those reported by Mandal et al. (2002) . Residues at 2.5-3.0 t ha À 1 were added in our experiments, which was not the case with Mandal et al. (2002) . The energy intensity in economic terms was the highest in CT þ R and the lowest in CT À R. The ZT þ R and CT þ R practices were more energy intensive and less energy efficient and energy productive, due to higher rates of residue application in the cropping systems.
Summer greengram is a short duration crop, grown between the winter and rainy seasons; it matures in 60-70 days. Another advantage is that inclusion of greengram in the rotation involves low investment. The cost of cultivation varied between Rs. 11,757 and 13,320 among cropping systems and Rs. 11,160 and 13,686 among tillage practices (Table 8) . Residue application increased the cost of production by 16.8% in conventional tillage and 13.7% in zero tillage conditions. The variation is attributed by the cost of residues, e.g. wheat residue cost was the highest (Rs. 1200 t À 1 ), while the cost of linseed was minimum (Rs. 250 t À 1
). Economic returns from grains and straw differed substantially among the cropping and tillage systems. The highest gross and net returns from grains and straw were recorded in M-C-G, while the lowest returns came from M-L-G. Looking only at the cultivation treatments, the highest returns were obtained from CT þ R, while ZT À R returned the lowest. Contribution of straw to gross income was negligible (3.1%). Residue application generated significantly higher income due to better soil fertility which augmented the yields and returns, although the part of returns was reduced by the cost of crop residues. In a study at New Delhi, Dodwadiya and Sharma (2012) reported a similar cost of production, net returns and benefit:cost ratio from summer greengram under different tillage practices. In conventional tillage system, residue retention could significantly increase the benefit:cost ratio. However, it had no effect in zero tillage.
Conclusions
Inclusion of summer greengram in a maize-chickpea system could be a viable option for obtaining higher crop productivity, improving soil fertility, and increasing energy efficiency. This is closely followed by maize-mustardgreengram system. Cultivation of summer greengram was most profitable under conventional tillage with crop residue addition. Zero tillage, however, provides other advantages. Cropping systems under zero tillage are more environment-friendly (contributing better soil aggregation, C accumulation and N availability) and economically sustainable (energy saving), although the productivity and economic return may be less.
The impact of tillage in this study is short-term, and the systems are yet to reach equilibrium. Although results may vary in the long-run, the short-term changes provide an indication of the direction of changes, and a useful notion on the advantages and limitations in adopting specific agronomic management practices.
